Ab initio all-electron molecular-orbital calculations are carried out to study the structures and relative stability of low-energy silicon clusters (Si n ,nϭ12-20). Selected geometric isomers include those predicted by Ho et al. ͓Nature ͑London͒ 392, 582 ͑1998͔͒ based on an unbiased search with tight-binding/genetic algorithm, as well as those found by Rata et al. ͓Phys. Rev. Lett. 85, 546 ͑2000͔͒ based on density-functional tight-binding/single-parent evolution algorithm. These geometric isomers are optimized at the Møller-Plesset ͑MP2͒ MP2/6-31G(d) level. The single-point energy at the coupled-cluster single and double substitutions ͑including triple excitations͒ ͓CCSD͑T͔͒ CCSD͑T)/6-31G(d) level for several low-lying isomers are further computed. Harmonic vibrational frequency analysis at the MP2/6-31G(d) level of theory is also undertaken to assure that the optimized geometries are stable. For Si 12 -Si 17 and Si 19 the isomer with the lowest-energy at the CCSD͑T)/6-31G(d) level is the same as that predicted by Ho et al., whereas for Si 18 and Si 20 , the same as predicted by Rata et al. However, for Si 14 and Si 15 , the vibrational frequency analysis indicates that the isomer with the lowest CCSD͑T)/6-31G(d) single-point energy gives rise to imaginary frequencies. Small structural perturbation onto the Si 14 and Si 15 isomers can remove the imaginary frequencies and results in new isomers with slightly lower MP2/6-31G(d) energy; however the new isomers have a higher single-point energy at the CCSD͑T)/6-31G(d) level. For most Si n (nϭ12-18,20) the low-lying isomers are prolate in shape, whereas for Si 19 a spherical-like isomer is slightly lower in energy at the CCSD͑T)/6-31G(d) level than low-lying prolate isomers.
I. INTRODUCTION
Over the past 15 years, medium-sized silicon clusters Si n (nϾ10) have attracted much attention both experimentally [1] [2] [3] [4] [5] [6] [7] [8] and theoretically. Considerable effort has been devoted to determine the ground-state geometric structures, namely, the global minima as a function of the cluster size n. For nр7, the global minima are firmly established by both ab initio calculations and Raman/infrared spectroscopy measurements, whereas for nр12 the global minima based on ab initio calculations 11, 16, 29, 30 are well accepted. For 13рnр24, unbiased search for the global minima has been undertaken based on either the genetic algorithm coupled with semi-empirical tight-binding ͑TB͒ technique, 23 or the single-parent evolution algorithm coupled with density-functional ͑DF͒ TB and density-functional theory ͑DFT͒ methods. 27, 38 For Si 25 , several candidates for the lowest-energy isomers have been proposed based on ab initio quantum Monte Carlo 26 or high-level molecular orbital calculations. 41 For nϾ25, the global minima based on either semi-empirical or ab initio methods are largely unexplored. A recent ab initio investigation of the relative stability of 17 isomers of Si 36 has been reported. 40 It is known that as the size of cluster increases, finding the global-minimum structure becomes increasingly difficult because of the much increased complexity of the potential surface as well as the rapid increase of the number of low-energy isomers.
For silicon cation clusters Si n ϩ , ion mobility experiments have revealed a structural transition from prolate to more spherical-like geometries, which occurs in between 24Ͻn Ͻ30. 2, 3 For neutral silicon clusters, however, photoionization experiments 5 have shown that the prolate-to-sphericallike structural transition may occur in between 20рnр22. On the theoretical side, early ab initio calculations suggested that the critical size for the structural transition is bounded by 24ϽnϽ28. 13 The more recent unbiased semi-empirical TB calculation in conjunction with the DFT optimization for the final structures 23 indicated that a spherical-like Si 19 isomer ͑containing an endohedral atom͒ becomes slightly more stable than the low-lying prolate Si 19 isomers.
In our previous paper ͑Paper I͒, 30 we reported allelectron molecular-orbital calculations of geometric structures, energies, vibrational frequencies, as well as ionization potentials for small low-lying silicon clusters (Si n ,n ϭ7 -11). In this paper, we extend the all-electron molecularorbital approach to medium-sized silicon clusters (Si n ,n ϭ12-20). Selected low-energy isomers are those predicted by Ho et al. 23 based on an unbiased search with TB/genetic algorithm, as well those found by Rata et al. 27 based on the unbiased search with DFTB/single-parent evolution algo- rithm. Energies of these medium-sized clusters have been calculated only at the DF level of theory. It is thus useful and important to confirm their stability via vibrational frequency analysis and to further examine their relative stability by using high-level all-electron molecular-orbital methods.
II. COMPUTATIONAL DETAILS
As in Paper I, 30 we used molecular-orbital methods at the MP2/6-31G͑d͒//CCSD͑T)/6-31G(d) level of theory, compiled in the GAUSSIAN 98 software package. 42 The MP2/6-31G(d) level of theory is selected for geometry relaxation to approximately account for the correlation effect of all electrons to the geometric structures. Honea et al. 43 have demonstrated that the MP2/6-31G(d) level of theory is required in order to correctly predict the tetragonal bipyramidal ground-state structure of the magic-number cluster Si 6 . The Hartree-Fock ͑HF͒ level of theory on the other hand gives rise to the ground-state structure of Si 6 to be either capped trigonal bipyramid or bicapped tetrahedron, which disagrees with the measured ground-state structure. 43 In previous benchmark calculations by us at the MP2/6-31G(d) level 30 we found that the calculated Si-Si bond lengths typically deviate from the measurements by only 0.5%. To identify the most stable isomer among nearly degenerated isomers, the CCSD͑T)/6-31G(d) single-point energy calculation was performed. Moreover, for the isomer with the lowest CCSD͑T)/6-31G(d) energy its stability was further examined by calculating its vibrational frequencies at the MP2/6-31G(d) level of theory. As mentioned earlier, structures of the low-lying isomers of Si 12 -Si 20 have been reported in the literature, 23, 27 and some of them are possibly true global minima.
III. RESULTS AND DISCUSSIONS
The optimized geometric structures of the selected lowenergy isomers Si n (nϭ12-20) are plotted in Fig. 1 , where all Si-Si distances less than 2.95 Å are ascribed as Si-Si ''bonds.'' The single-point energies at various levels of theory are summarized in and Si 15 (15a). For 14a, one imaginary frequency was found while for 15a two imaginary frequencies were found, even after a tight structural optimization at the MP2/6-31G͑d͒ level. To remove the imaginary frequencies, the geometry of 14a and 15a was slightly perturbed. After geometric relaxation with the perturbed structure, new isomers 14aЈ and 15aЈ were obtained, both show no imaginary frequencies. They all have slightly lower MP2/6-31G(d) energy but show slightly higher CCSD͑T)/6-31G(d) energy than the original isomers ͑14a and 15a͒, respectively. The calculated vibrational frequencies for these stable isomers are listed in Table III. A. Optimized geometric structure
nÄ12
For Si 12 cluster, the isomer with the lowest CCSD͑T)/6-31G(d) energy, 12a, is a hexacapped trigonal 16 have performed an extensive search for the ground-state isomer of Si 12 within the framework of TBMD and DF theory. Their isomer 2 with C s symmetry is similar to 12a. Isomer 12b is very similar to 12a in structure. In fact, both isomers 12a and 12b exhibit the 1-3-4-3-1 layered structure, with different arrangements of atoms in the third layer. Bahel and Ramakrishna have examined 15 isomers of Si 12 and shown that the pentagonal and tetragonal prismatic families are higher in energy than the trigonal prismatic family. Similar conclusion can be reached here after examining several new low-energy isomers ͑Fig. 1͒.
nÄ13
Much more theoretical studies 15,17,19,23,32,34 -36,38,39 have been devoted to the Si 13 cluster because of the possibility of finding a high-symmetry (I h ) core-based icosahedral structure. 32 It was later shown that the high-symmetry icosahedral cluster is unstable due to the Jahn-Teller distortion. 35 Using a quantum Monte Carlo method, 17 Grossman and Mitas investigated several isomers of Si 13 and found that the C 3v trigonal antiprism isomer 13b is more stable than the core-based icosahedral Si 13 (I h ). Here we also confirmed that the core-based icosahedral Si 13 is unstable. The most stable structure, 13a, is identical to the reported lowest-energy structure based on DF-TB calculation. 19 Isomer 13a can be described as a distorted tricapped trigonal prism with an ad-
ditional rhombus capped on one edge of the prism. Ho et al. 23, 29 have found that the lowest-energy isomer of Si 13 has C s symmetry, which can be viewed as a slightly distorted 13a͑C 2v ). The C 3v capped trigonal antiprism, 17 13b, is slightly higher in energy than 13a ͓0.16 eV at the CCSD͑T)/6-31G(d) level͔. Isomers based on capped trigonal prism motif ͑13c and 13d͒ are also very close in energy to 13a. Like 13a, isomer 13e has a stacking sequence of three rhombi with a capped atom but 13e is higher in energy than 13a.
nÄ14
For Si 14 cluster, a number of low-lying isomers have been reported in the literature. 15, 19, 23, 38, 39 General consensus was that the isomer 14a(C s ) found by Sieck et al. 19 is possibly the global minimum. 14a has two stacked rhombi with distortion and one fivefold ring capped with an atom. As mentioned earlier, it is found that at the MP2/6-31G(d) level of theory, the vibrational frequency analysis indicates isomer 14a has one imaginary frequency. A structural perturbation followed by geometry relaxation gives isomer 14aЈ(C 1 ) which is very close in structure to 14a. 14aЈ also exhibits a stacking sequence of two distorted rhombi, one fivefold ring, and an atom on top. Isomers 14b, 14c, and 14d all exhibit a stacking sequence of three ͑distorted͒ rhomibi with one atom on top and one at the bottom. Their energy is much higher than 14a and 14aЈ. Isomer 14e has a capped trigonal-prism unit and is also much higher in energy than 14a and 14aЈ.
nÄ15
For Si 15 cluster, the low-lying clusters ͑15a-15d͒ all contain the capped trigonal-prism unit, as revealed from the unbiased TB search. 23 The isomer having the lowest energy at the CCSD͑T)/6-31G(d) level is 15a(C 3v ) whose geometry is a tricapped trigonal prism fused with a tricapped trigonal antiprism. It has been reported that the calculated mobility of isomer 15a agreed with the mobility measurements. 23 However, vibrational frequency analysis at the MP2/6-31G(d) level shows that 15a has two imaginary frequencies. Thus, isomer 15a(C 3v ) may not be a stable structure but a transition-state structure at the MP2/6-31G(d) level of theory. As mentioned earlier a structural perturbation to 15a followed by geometry relaxation gives rise to isomer 15aЈ with C s symmetry. 15aЈ shows no imaginary frequency and its MP2 energy is 0.025 eV lower that that of 15a but its CCSD͑T͒ energy becomes 0.19 eV higher than that of 15a. 
nÄ16 and 17
For Si 16 cluster, it is found that 16a with C 2h symmetry gives the lowest energy at the CCSD͑T͒/6-31G͑d͒ level, similar to the prediction by Ho et al. 23 16a can be described as two fused pentagonal prisms. Its structure is unique in the sense that it is neither based on the tricapped trigonal-prism motif ͑as 16b͒ nor based on a stacking sequence of fourfold and fivefold rings with capping atoms ͑as 16c͒. On the other hand, for Si 17 cluster, 17a with C 3v symmetry is possibly the lowest-energy structure as predicted by Ho et al. 23 and it does contain a tricapped-trigonal-prism ͑TTP͒ unit and a hexagonal-chair unit. The six-atom hexagonal-chair unit can be viewed as a fragment in bulk diamond silicon. 9 It is interesting to note that the more spherical-like Si 17 isomer, 17c, is very competitive in stability compared to the prolateshaped isomer 17a.
nÄ18
For Si 18 cluster, four low-lying isomers considered are shown in Fig. 1 . The elongated 18a has the lowest-energy at the CCSD͑T͒/6-31G͑d͒ level. 18a has the structure similar to the ground-state structure of Si 18 ϩ , predicted-by Rata et al.
27
It contains a magic-number-cluster Si 6 unit and a hexagonalchair unit. Another previously predicted lowest-energy isomer of Si 18 with C 3v symmetry gives imaginary frequencies at the MP2/6-31G͑d͒ level. Again, a slight structural perturbation to this C 3v isomer followed by geometry relaxation gives isomer 18b with C s symmetry. Both 18b and 18c contain tricapped-trigonal-prism unit and both are very competitive in stability compared to 18a. 18d is a new isomer with high symmetry but relatively high energy. It is composed of two capped tetragonal antiprisms.
nÄ19
For Si 19 cluster, a spherical-like isomer 19a was found by Ho et al. 23 The isomer 19b which contains a tetra-cappedtrigonal-prism unit and a magic-number-cluster Si 6 unit is very competitive in stability compared with 19a. 19b was found based on a novel single-parent evolution algorithm coupled with DFTB/DFT methods. Isomer 19c 23 is composed of a TTP unit and a Si 10 ͑bicapped tetrahedral antiprism͒ unit. Its energy is slightly higher than both 19a and 19b.
nÄ20
Finally, for Si 20 cluster, the lowest-energy isomer appears to be 20a, as predicted by Rata et al. 27 from the unbiased DFTB search. 20a is composed of three units: a magicnumber cluster Si 6 unit, a hexagonal-chair unit in the middle, and a low-energy isomer of Si 8 unit ͑see isomer 8f in Ref.
30͒. 20b is another low-lying isomer which is composed of two Si 10 ͑bicapped tetrahedral antiprism͒ units. 20b was first predicted by Mitas et al. 26 on the basis of quantum Monte Carlo calculation. Isomer 20c 23 exhibits compact sphericallike structure and its energy is slightly higher than both prolate-shaped isomer 20a and 20b.
B. Relative stability, binding energy, and ionization potential
As shown in Tables I and II, unequivocal determination of the lowest-energy cluster can be very tricky sometimes if only low-level ab initio calculation of the single-point energies is considered. Taking Si 13 as an example, one can see from Tables I and II that the HF energies indicate 13c has the lowest energy, but MP2 energies indicated 13d has the lowest energy, and MP3 energies show 13c has the lowest energy. However, MP4, CCSD, and CCSD͑T͒ energies can lead to consistent prediction, that is, 13a has the lowest energy. This example demonstrates the sensitivity of low-lying structures to the electron correlation effect. It is known that MP2 and MP3 levels of theory can only partially account for the correlation effects whereas CCSD͑T͒ calculation provides much more reliable prediction to the relative stability among low-lying isomers. It is interesting to note from Table II that there exists some systematic correlation between HF, MP3, CCSD, and DFT energies, 23, 27 particularly for larger clusters. Namely, the isomer ͑optimized at the MP2 level͒ with the lowest HF energy is likely to have lowest MP3, CCSD, and DFT energies.
One can also see from 12a  12a  12a  12a  12a  12a  12a  Si 13  13c  13d  13c  13a  13a  13a  13a  Si 14  14a  14aЈ  14a  14a  14a  14a  14a  Si 15  15a  15c  15a  15c  15a  15a  15a  Si 16  16a  16b  16a  16b  16a  16a  16a  Si 17  17c  17a  17a  17a  17a  17a  17a  Si 18  18a  18c  18a  18a  18a  18a  18a  Si 19  19a  19a  19b  19a  19a  19a  19b  Si 20  20a  20b  20a  20c  20a isomers. One exception is the isomer 19a of Si 19 . In Fig. 2 we plot the binding energies of the lowest-energy isomers of Si 12 -Si 20 as a function of n Ϫ1/3 where n is the cluster size. The deviation from the linear behavior for the bindingenergy versus n Ϫ1/3 curve suggests the growth pattern of the low-lying medium-sized (Si 12 -Si 20 ) clusters deviates from the spherical growth pattern. 44 Indeed, ion mobility measurements 2, 3 for Si n ϩ indicate that the appearance of spherical-like compact clusters only occurs for nϾ23. In Fig.  3 we plot the binding energy per atom as a function of the cluster size n. Two ''bumps'' can be seen at nϭ6, 7, and 10, corresponding to the magic-number clusters Si 6 , Si 7 , and Si 10 . For nϾ10, the binding energy per atom increases rather smoothly as a function of the cluster size n.
Finally, in Table IV , we present the calculated vertical ionization potential ͑IP͒ at the MP2/6-31G(d) level for isomers with the lowest CCSD͑T)/6-31G(d) energy. Measurement of the IPs has been reported by Fuke et al. 5 The measured IPs show an appreciable gap in between nϭ20 and 22, suggesting certain structural transition may occur for the neutral silicon clusters within this size range. The calculated vertical ionization potentials appear to correlate with the measured values reasonably well. For example, the vertical IP of the cluster 16a, 18a, and 19a is appreciably lower in value than the IP of their neighbor clusters, consistent with the measurement.
IV. CONCLUSIONS
We have studied low-energy structures of Si 12 We note that the lowest-energy structures of Si 12 -Si 15 and Si 17 all contain the TTP Si 9 unit. Although the TTP Si 9 unit is not a stand-alone local minimum, it appears to be a favorable building block 23 for medium-sized clusters Si 12 -Si 18 . On the other hand, beginning with Si 18 inclusion of the magic-number-cluster Si 6 unit as well as the hexagonal-chair unit appears to be energically favorable over the inclusion of the TTP Si 9 unit. The fact that a sphericallike Si 19 isomer can be lower in energy at the CCSD͑T)/6-31G(d) level of theory than low-lying prolateshaped isomers requires further investigation with larger basis sets. Another finding that may require further study is that some isomers ͑14a and 15a͒ with the lowest energy at CCSD͑T)/6-31G(d) level can give imaginary vibrational frequencies, i.e., they could be transition-state structure. Slight structural distortion can remove the imaginary frequencies and lower the MP2 energy but can result in slightly higher CCSD͑T͒ energy. 
